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INTRODUCTION AND LITERATURE SURVEY 
Many adenosine triphosphate phosphohydrolases (ATPases) have been 
shown to be involved in the transport of inorganic ions in animal and 
bacterial cells (1). Examples of such ATPases include: the (Na ,K )-
+2 
ATPase from animal plasma membranes (1, 2), the Ca -ATPase from muscle 
sarcoplasmic reticulum (3, 4), a K^-ATPase of bacterial cell membranes 
(4), and the proton translocating ATPases of mitochondria and chloro-
plasts (5-8). Direct evidence that these enzymes are responsible for 
inorganic cation transport was obtained only after the enzymes were 
purified and characterized (1). The purified enzymes were incorporated 
into artificial, model membranes and shown to carry out ATP-dependent 
transport processes (1). To date, only the proton translocating ATPase 
+2 
of chloroplasts and mitochondria (5-8) and a microsomal Ca -ATPase (9) 
have been shown to perform ATP-dependent transport in higher plants. 
Equivalent evidence that other plant ATPases are capable of inorganic 
cation transport has not been reported. Furthermore, not a single puri­
fied plant ATPase has been incorporated into artificial membranes and 
shown to perform an ATP-dependent transport of inorganic ions. 
Potassium has received the most attention with respect to cation 
absorption studies in plants (10). One reason for this is that k"*" is 
the major monovalent cation in plant fluids and is involved in the 
maintenance of osmolality and membrane potentials (11). Another reason 
is that is the only alkali metal required by all higher plants (11) 
and is necessary for many cellular functions. In efforts to find plant 
transport ATPases, it has been presumed that such enzymes are membrane-
2 
bound and sensitive to monovalent cations, especially potassium. Several 
ATPases from plant microsomes have been found and characterized (10). 
The microsomes are prepared by the differential centrifugation of cell 
homogenates. This removes most of the cell wall material, the nuclei, 
and the mitochondria (12). The microsomes are comprised of the remain­
ing membranes: plasmalemma, Golgi apparatus, endoplasmic reticulum, and 
tonoplast. Fisher and Hodges (13) described an ATPase from oat root 
microsomes that is stimulated by monovalent cations in the presence of 
magnesium. This enzyme and similar enzymes will be referred to as 
+ +2 (K ,Mg )-ATPases. Hodges et al. (14) presented evidence that the oat 
+ +2 
root (K ,Mg )-ATPase originates from the plasmalemma. Leonard and 
+ +2 
Van Der Woude (15) have described a corn root (K ,Mg )-ATPase of 
apparently similar origin. 
The membrane on which an ATPase is located in an intact cell is 
important because that is a clue to the function of the enzyme. Evidence 
from electron microscope studies of barley roots shows potassium stimu­
lated ATPase activity on two membranes* the plasmalemma and endoplasmic 
reticulum (16). Other studies have demonstrated that the plasmalemma 
and endoplasmic reticulum of higher plants have copious ATPase activity 
(17, 18). Many workers (10 and references contained within) believe 
that a plasmalemmal origin of a (K ,Mg )-ATPase suggests its involve­
ment in potassium transport. 
Experiments done by T. Hendriks (19, 20) with corn coleoptiles have 
demonstrated that glucan synthetase, of the enzymes used as a plasmalem­
mal marker by Leonard and Van Der Woude (15) and Hodges et al. (14). was 
really located on two membranes. Furthermore, the distribution of corn 
3 
+ +2 
coleoptile (K ,Mg )-ATPase did not correlate with the distribution of 
glucan synthetase activity on linear sucrose gradients (20). Hendriks 
+ +2 (19) also showed that the corn coleoptile (K ,Mg )-ATPase was associ­
ated with at least two different membranes. Furthermore, the staining 
procedure used by Leonard and Van Der Woude (15) and Hodges et al. (14) 
to locate plasmalemma, phosphotungstic acid-chromic acid lacks speci­
ficity (21). Hendriks has concluded that there is not yet a good uni­
versal marker enzyme for plant plasmalemmas (20) and that determining 
the origin of a plant membrane-bound enzyme is very difficult. Conse-
+ +2 
quently, the origin of the (K ,Mg )-ATPases from oat and corn roots 
is still in doubt. 
+ +2 
The oat root (K ,Mg )-ATPase has been partially characterized 
but not purified. It is stimulated by numerous salts: KCl, KBr, KNO^, 
KNOg, NaCl, RbCl, LiCl, NH^Cl, CsCl, tris-Cl, ethanolamine-Cl, K-acetate, 
KgSO^, NaBr, Na-succinate, Na-malate, and Na-oxaloacetate (10). The 
enzyme has optimal activity when the concentration of monovalent cation 
is approximately 100 inM (10, 22). The enzyme has a pH optimum of 6.5 
to 7.0 (10, 23), a Km for Mg'ATP between 0.64 and 1.24 mM (24), and 
+2 
optimal activity when the concentrations of ATP and Mg are both 9.0 mM 
+ + (10, 24). Unlike the (Na ,K )-ATPase from animal cells, there is no 
synergism when Na and K are added together (10, 23). When partially 
purified by discontinuous sucrose gradient centrifugation, the oat root 
4" -$-9 (K ,Mg )-ATPase is much more active with ATP as the substrate than with 
any of the other nucleoside mono, di, and triphosphates, pyrophosphates 
or 2.-nitrophenyl phosphate (10, 25). The oat root enzyme is not inhibited 
by oligomycin, and this distinguishes it from mitochondrial and 
4 
chloroplast coupling factor ATPases, which are inhibited by oligomycin 
(10). ATPases with properties similar to those of the oat root enzyme 
have been reported from wheat, turnip, barley, gourd, and sugar beet 
roots (10, 26). 
+ + +2 
Plant (Na ,K )-ATPases have been described which require Mg for 
activity and are inhibited by oligomycin (10, 27). Most of the reported 
+ + plant (Na ,K )-ATPases do not show the type of synergism found with the 
+ + 
animal (Na ,K )-ATPases (10). They usually have only slightly higher 
+ + 
activity in the presence of both Na and K , relative to either cation 
being present alone. These plant (Na ,K )-ATPases have slightly alka­
line pH optima that range from 7.0 to 8.0 (10, 27). 
Another type of monovalent cation stimulated ATPase has been 
described by Ezeala et al, (28, 29). They were detected in the petioles 
of Helianthus annuus and in fractionated extracts of isolated phloem 
and xylem tissues of Heracleum mantegazzianum. These ATPases are stimu­
lated by monovalent cations and inhibited by divalent cations (28). 
Tiisy havs pK cptitna in the range of 4.5 to 3.5 (29), but, unllks ths oat 
+ +2 
root (K ,Mg )-ATPase, these enzymes have approximately equal activity 
with all of the nucleoside triphosphates tested (29) and have partial 
activity with ADP, PNPP, and pyrophosphate (29). Therefore, they are 
not merely nonsubstrate-specific phosphatases (28, 29). These ATPases 
are also not inhibited by ouabain or oligomycin (29). and there is no 
synergism between Na"*" and k"*" (28). Several monovalent cations will 
activate them; optimal activity occurs when the monovalent cation con­
centration is 60 mM (28). Ezeala et al. found that their preparations 
also contained acid phosphatase and other nucleoside triphosphatase 
5 
activities. These enzymes are not stimulated by monovalent cations in 
either the presence or absence of divalent cations (29). 
Lai and Thompson (30) have described an ATPase from Phaseolus 
*}• "I" 
vulgaris microsomes that is optimally stimulated by Na plus K , but 
not by Mg . This enzyme is not inhibited by oligomycin; Na plus K 
had a synergistic effect on the enzyme (30). Raghavendra and Das (31) 
4- -f have found (Na ,K )-ATPases from crude cell homogenates of Setaria 
italica. Pennisetum typhordi, Amaranthus paniculatus, Oryza sativa, and 
+2 
Rumex vesicarius. These activities were not stimulated by Mg . The 
(Na^,K^)-ATPases from Setaria italica, Pennisetum typhordi. and Amaran-
thus paniculatus were inhibited by oligomycin (31). There was no evi-
«I» 
dence for synergism of Na and K in their report. 
4- 4-
A (Na ,K )-ATPase isolated from corn seedling microsomes by 
4-2 
Maslowski and Komosynski (32) did not require Mg for activity and 
H" 
was not inhibited by ouabain. There was no synergism between Na and 
4-
K . The enzyme was solubilized by deoxycholate and KI, had two pH 
Opulûiâ, 6.0 àiiu 7.5, âtiu wâS pâifcidlly pUjfifxêu by êlêctropuorêsis (32). 
Anion sensitive plant ATPases have also been reported (33, 34). 
They have pH optima around 8.0, require Mg"*"^, are inhibited by NO^ , 
but not by oligomycin (33, 34). Inorganic anions such as CI and 
organic acids such as raaleic and oxaloacetic stimulate these ATPases 
(33, 34). Because organic acids are accumulated within vacuoles (35), 
it has been suggested that these enzymes are involved in organic acid 
transport and occur on the tonoplast. 
There is circumstantial evidence that monovalent cation stimulated 
ATPases are involved in the transport of monovalent cations into 
5 
plants. First, there is a high, positive correlation between the 
(K^,Mg^^) or (Rb^,Mg^^) -ATPase activity and the rate of k"*" or Rb^ 
absorption by the roots of oats, corn, wheat, and barley (10). Second, 
+ +2 
both the kinetics and the specificity of the oat root (K ,Mg )-ATPase 
toward alkali cations is similar to the kinetics and specificity of 
alkali cation transport into oat root cells (10). Third, pretreatment 
+2 + 
of oat roots with Ca leads to a 300% increase in K uptake and a 25 to 
+ +2 
30% increase in (K ,Mg )-ATPase activity (10). Fourth, additional evi­
dence that an ATPase may be involved in alkali cation transport has 
come from induction studies. Different pretreatments of tissues Induce 
an increased monovalent cation uptake capability and an increased 
+ +2 (K ,Mg )-ATPase activity (10). It was noted that, in these studies, 
the magnitude of alkali cation uptake increase was more than the increase 
+ +2 in (K ,Mg )-ATPase activity, and that both the Increased rates of 
transport and increased ATPase activity required protein synthesis (10). 
How can these monovalent cation stimulated ATPases transport mono­
valent cations from the environment into and through the plant? One 
way would be to couple the energy of ATP hydrolysis directly in a manner 
analogous to the way the animal (Na^,K^)-ATPase transports Na"*" and k"*" 
+ -f. (1, 2). The (Na ,K )-ATPase uses the energy from ATP hydrolysis to 
transport 2 Na s out of the cell and 3 K s into the cell for each ATP 
hydrolyzed (1, 2). An alternate method would be to generate an electro­
chemical gradient from the energy of ATP hydrolysis, and use the electro-
chemical gradient to provide the energy for K uptake. This is the 
method used by some bacteria (3) and by mitochondria (5-8). 
7 
In the model analogous to the (Na^,K )-ATPase, the K -ATPase would 
transport protons into either the environment or the vacuole while 
simultaneously transporting into the cytoplasm (36). There is some 
evidence for this model. Fusicoccin, a fungal toxin, causes an increase 
in proton efflux and potassium influx in corn coleoptiles (36). Fusi­
coccin also stimulates the corn coleoptile K -ATPase with the same 
kinetics that it stimulates K"*" transport into the cell and H"*" efflux 
from the cell (36). There is, also, some evidence from electrical 
measurements on corn coleoptiles that protons and potassium are counter-
transported (37). These experiments suggest, but do not prove, the 
K^-ATPase transports protons out of the cytoplasm while transporting 
k"*" into the cytoplasm. 
In the second model, the K"*"-ATPase transports protons out of the 
cytoplasm and the resultant electrochemical gradient drives the trans­
port of k"*" into the cytoplasm. In this model, there is postulated a 
porter protein to transport into the cell. There is also evidence 
for this model. Besides increasing proton efflux, fusicoccin causes 
an increase in the membrane potential from -127 mV to -194 mV (36), 
and the increase in K"*" uptake could have been in response to the in­
creased membrane potential. This model is also supported by experiments 
which demonstrate that the specificity of passive ion transport into 
vesicles made from oat root plasmalemmas is very similar to that reported 
for the plasma membrane in situ (38). Currently, it is not possible 
to determine which, if either, of these two models is correct. 
The effects of fusicoccin and the kinetic studies of ion absorp­
tion demonstrate a correlation between alkali cation transport and the 
8 
activity of plant microsomal monovalent-cation stimulated ATPases. 
While suggestive, such results do not tell us the mechanism of alkali 
cation uptake and transport by plants. The evidence for specific, 
alkali cation transporting ATPases is tentative and inconclusive, and 
some workers have concluded that the microsomal ATPases of grasses are 
not involved in the uptake and transport of alkali cations (39). They 
point out that other parameters, cell membrane electrical potential 
difference (40) and the ionophore mediated k"*" flux across an artificial 
phospholipid bilayer membrane (41), also show the biphasic relationships 
with varying KCl concentrations characteristic of the uptake of alkali 
cations and stimulation of the monovalent cation stimulated ATPases by 
alkali cation. These workers also suggest these ATPases are activated 
by increasing ionic strength and are not specifically stimulated by 
alkali cations. 
Even though circumstantial evidence and hypotheses are abundant, 
there is no firm evidence for a direct relationship between the uptake 
and transport of alkali cations and the monovalent cation stimulated 
ATPases of plants. 
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MATERIALS AND METHODS 
Materials 
Sephadex G-lOO Superfine, Sepharose 4B Superfine, and Sephacryl 
S-200 Superfine were obtained from Pharmacia Fine Chemicals, Piscataway, 
New Jersey. Acrylamide, electrophoresis grade, polyvinyl alcohol, ml4K, 
100% hydrolyzed, and dithiothreitol were bought from Aldrich Chemical 
Company, Inc., Milwaukee, Wisconsin. N,N'-methylenebisacrylainide was 
purchased from the Eastman Kodak Company, Rochester, New York. Coomasie 
Brillant Blue R, Coomasie Brillant Blue G, ribonuclease A, lysozyme, 
pepsin, myoglobin, valinomycin, ot-chymotrypsinogen A, ovalbumin, 
oligomycin, diethylstilbestrol, iodoacetamide, £-chloromercuribenzoate, 
ouabain,dicyclohexylcarbodiimide, cytochrome C, NADH, NADPH, Na^ATP, 
Na^CTP, Na^UTP, Na^GTP, Na^IDP, NagADP, NaAMP, glucose-6-phosphate, 
and _£-nitrophenylphosphate were all obtained from the Sigma Chemical 
Company, St. Louis, Missouri. Triton X-100, octyl glucoside, Zwittergent 
3-12, Zwittergent 3-14, and Aquacide were purchased from Calbiochem, 
LA Jolla, California. Bovine serum albumin was purchased from Pentex 
Inc. Sucrose dilaurate and soy lipids were ordered from ICN Pharma­
ceuticals, Life Sciences Division, Plainview, New York. Succinic acid 
2,2'dimethyl hydrazide was obtained from Chem Service, West Chester, 
Pennsylvania. The dialysis tubing was purchased from the Arthur H. 
Thomas Co., Philadelphia, Pennsylvania. Tris-ATP was made from Sl^a 
Na^ ATP by ion exchange on an Amberlite CG 150 ion exchange column. 
Polyvinylpyrrolidone was washed with 1 M HCl, returned to pH 7.0 with 
1 M NaOH, and stored wet. Hexyl-sepharose was made by coupling 
10 
n-hexylamine to Sepharose 4B as described previously (42). Corn seed 
(Zea mays L., var. W64A) with either N or T cytoplasm was obtained from 
Clyde Black and Son Seed Farms, Ames, Iowa. The other inbreds (Mo 17, 
Oh 43, B 37, and WF 9, all in N and T cytoplasm) were gifts from 
Dr. C. A. Martinson, Department of Botany and Plant Pathology, Iowa State 
University. All other chemicals were reagent grade. 
Methods 
Preparation of microsomal enzyme 
The preparation of maize shoot microsomes was done by a modification 
of procedures previously described (42), Maize seeds were surface 
sterilized by treatment with captan, a fungicide, or NaClO. One hundred 
milligrams of captan was dissolved in 2 ml of water and used to treat 
100 grams of seeds. Alternatively, the seeds were soaked in a 0.05% 
solution of NaClO for one minute, washed copiously with distilled water, 
and patted dry with paper towels. The seeds were germinated on paper 
towels soaked with 0 = 1 mM GaCl^ and 0.-5 mM KCl for 3 = 5 days in the dark 
at 30° C. The shoots were separated from the seedlings by hand, rinsed 
twice with distilled water, patted dry on paper towels, and weighed. 
For each gram fresh weight of shoots, 5 ml of extraction buffer was 
added, consisting of 0.25 M sucrose, 15 mM Tris, 3 mM Na^EDTA, adjusted 
to pH 7.2 with HCl. The shoots were macerated with a Polytron PT 10/ST 
homogenizer (Brinkman Instruments, Inc., Westbury, New York) for 1 min­
ute at speed setting 4 and 1 minute at speed setting 6. One gram of 
acid washed, wet PVP was added for each 4 grams of shoots. This was 
done to partly remove phenolic compounds. The solution was stirred for 
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5 minutes and filtered through 4 layers of cheesecloth. All subsequent 
steps were carried out at 4 to 5° C. 
The filtered material was centrifuged at 1600 x g for 10 minutes 
to remove cell walls, nuclei, and PVP, the supernatant was centrifuged 
at 12,000 X g for 20 minutes to remove the mitochondrial pellet. Micro­
somes were prepared by three procedures from the 12,000 x g supernatant. 
In procedure one, the microsomes were pelleted at 80,000 x g for 
50 minutes. Procedure two was similar to procedure one, except that 
the microsomes were pelleted through a 10 ml layer of 15% sucrose (w/v) 
containing 15 mM Tris, 3 mM Na^EDTA, and adjusted with HCl to pH 7.2. 
For large scale microsome preparations, procedure three was used. The 
supernatant from the 12,000 x g centrifugation was made 50 mM in CaClg 
by the addition of a 3 M CaClg solution. The solution was placed in 
an ice bath for 30 minutes, and the solution became turbid. The solution 
was centrifuged at 17,000 x g for 20 minutes and the pellet was taken 
up in a solution of 30 mM NagEDTA, 0.25 sucrose, 15 mM Tris, adjusted 
with HCl to pH 7.2 (1 ml per gram ol shûOts). The susperision was reeen-
trifuged at 17,000 x g for 20 minutes. In all three procedures, the 
final microsomal pellet was resuspended in extraction buffer using 1 ml 
of extraction buffer for 7 grams of shoots. 
Solubilization of the membrane-bound K^-ATPase 
Microsomes, resuspended in extraction buffer, were solubilised in 
several ways. In most of the enzyme preparations, CaCl^-precipitated 
microsomes were solubilized by the addition of 5% (w/v) sucrôsë dilâurâte 
to a final concentration of 1% (w/v) and solid KCl to a concentration 
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of 1.0 M. This mixture was stirred and allowed to stand in an ice 
bath at 4° C for 30 minutes. The mixture was then centrifuged at 
17,000 X g for 20 minutes. The pellet was usually resuspended in 
extraction buffer, assayed for K**"-ATPase activity, and discarded or 
reextracted with detergent. If the supernatant was to be assayed for 
enzyme activity, it was dialyzed into extraction buffer, but, if it 
was to be purified further, it was dialyzed into 0.25 M NaClO^, 1.25 mM 
Na^EDTA; 1.25 mM MgClg, adjusted to pH 8.0 with Tris. 
The other detergent extractions were performed on microsomes pre­
pared by ultracentrifugation. In those extractions, the microsome 
suspensions were diluted with concentrated solutions of the various 
detergents to yield microsomes containing the detergent concentrations 
listed in the text, tables, and figures. After 30 minutes of incubation 
at 4° C, the detergent-treated microsomes were centrifuged at 80,000 x g 
for 50 minutes. The pellet was resuspended in extraction buffer, assayed 
for activity, and discarded or extracted again with detergent. The 
supernatant was dialyzed into extraction buffer if It was to be used 
for enzyme assays, or into 0.25 M NaClO^, 1.25 mM Na^EDTA, 1.25 mM 
MgClg, adjusted with Tris to pH 8.0, if it was to be purified further 
by chromatography on hexyl-Sepharose. 
Reassociation experiments 
In each experiment, the detergent extract was reeombined with the 
appropriate resuspended pellet after protein content, AMPase, and k"*"-
ATPase activity of each had been measured. The detergent and/or salt 
was removed by dialysis against 25 volumes of extraction buffer for 
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24 hours at 4° C or for 22 hours at 4° C and 2 hours at 25° C. There 
were two changes of extraction buffer during the dialysis. After recom­
bination and dialysis, the material was centrifuged at 80,000 x g for 
50 minutes. The pellet was resuspended in extraction buffer, and protein 
content, AMPase, and K^-ATPase activity of both the resuspended pellet 
and supernate were measured. 
Chromatography 
All of the buffers used in the purification of the K^-ATPase 
contained 1.25 mM Na^EDTA, 1.25 mM MgCl^, and were adjusted with Tris 
to pH 8.0. The hexyl-Sepharose column (1.6 x 34 cm) was prewashed 
with 100 ml of 2.0 M NaClO^, and this was followed by 100 ml of 
0.25 M NaClO^. Solubilized material in a volume of 20 to 30 ml, 
which had been dialyzed into 0.25 M NaClO^, was applied to the 
prewashed hexyl-Sepharose column. The addition of 25 ml of 0.25 M 
NaClO^ preceded the elution of the enzyme with 100 ml of 1.0 M NaClO^. 
The flow rate was 20 ml per hour and 4.0 ml fractions were collected. 
Active fractions were pooled, concentrated, and dialyzed into 1.0 M 
NaCl. Further purification of the active fractions was achieved by 
chromatography on either Sephadex G-lOO Superfine or Sephacryl S-200 
Superfine. Three ml of the concentrated active fractions, referred 
to as fraction B (Figure 6), were passed through a Sephadex G-lOO 
Superfine column (2.6 x 35 cm), eluted at a fate of 4 to 5 ml per hour. 
Fractions were collected in 3.0 ml increments. Alternatively, 5 ml of 
concentrated fraction B (Figure 6) was placed over a Sephacryl S-200 
Superfine column (3.6 x 67 cm) which was eluted at a rate of 50 to 60 
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ml per hour and collected in 4.8 ml fractions. Most of the routine 
purifications were done on the Sephacryl S-200 Superfine column. 
Experiments to detect aggregation were done on a Sepharose 4B column 
(3.6 X 70 cm), equilibrated in the buffers listed in Table 22. This 
column was washed after each experiment with 250 ml of 1.0 M NaCl to 
remove bound enzyme. 
Liposome preparation 
The k"^-ATPase was reassociated with soy lipids using a modification 
of the procedure of Kasahara and Hinkle (43). First, crude soy lipids 
were washed to remove nonlipid contaminants by following the procedure 
of Wuthier (44). Ten mg of soy lipids, dissolved in chloroform;methanol 
(2:1), were evaporated to dryness under a stream of nitrogen, taking 
care that the lipids spread out to form a thin film on the sides of the 
test tube. Then 0.5 ml of 140 mM sucrose, 30 mM KCl, and 3 mM hlstidine-
Hepes buffer, pH 7.2, were added to the lipids. After swelling, the 
resuspended lipids were sonicated for 45 minutes in a batb type sonlcator 
containing 500 ml of deionized water and 0.02% (v/v) Triton X-100. Two 
and a half ml of enzyme solution that had been dlalyzed into the same 
solution used for suspending the lipids were added to the liposomes. The 
resulting mixture was then frozen quickly in a solid CO^-ethanol bath. 
The mixture was allowed to thaw and stand at room temperature, 25° C, for 
10 to 15 minutes. It was then sonicated for one minute in the bath soni-
cator. The resultant 'reconstituted' K -ATPase was layered onto linear 
sucrose gradients (6 to 22% w/v) and centrifuged at 135,000 x g for 10 to 
12 hours. The gradients were fractionated and assayed for K^-ATPase 
activity, and turbidity at 257 nm. In these experiments, frozen and 
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thawed K^-ATPase, which had not been mixed with lipid, was layered onto 
identical linear sucrose gradients and assayed for activity. The esti­
mates of minimal reconstitution are the K^-ATPase activities associated 
with the liposome peak (measured by light scattering at 257 nm) minus 
the activities in the same positions on the control gradients containing 
enzyme without lipid. 
Fractionation of microsomes by ultracentrifugation 
Microsomes prepared by ultracentrifugation through a layer of 15% 
(w/v) sucrose were centrifuged through a 20 to 50% (w/v) linear sucrose 
gradient in a Beckman SW 27 rotor for 4 hours at 27,000 r.p.m. Discon­
tinuous sucrose density gradient centrifugation was performed as 
described previously by Hodges and Leonard (25). The interfaces in the 
sucrose density gradient are designated bands: A (18 to 20% sucrose), 
B (20 to 25%), C (25 to 30%), D (30 to 34%), E (34 to 38%), and F 
(38 to 45%). 
Enzynia assays 
The assays for NADPH cytochroma C reductase, NADH cytochrome C 
reductase, and cytochrome oxidase were carried out as described by 
Hodges and Leonard (25). K -ATPase, AMPase, acid phosphatase, and 
ot ,6-glycerol phosphatase activities were assayed by measuring the 
formation of inorganic phosphate, either by the Molybdenum Blue method 
(45, 46) or by the Malachite Green method described in the next 
section. The routine reaction mixture for assay of membrane-bound 
enzyme contained 8 to 20 mM MES-Tris buffer, pH 6.5. The routine reac­
tion mixture for assay of solubilized enzymed contained 100 mM glycine-
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NaOH buffer, pH 7.8, or 10 mM Hepes-KOH buffer at the pH values listed 
in the tables and figures. Fifty or 100 ul of enzyme were added to give 
a total volume of 1.0 ml. The reactions were initiated by the addition 
of enzyme (unless otherwise noted) and were carried out at 37° C for 
times up to 1 hour. The K"*"-stimulated ATPase activity was the difference 
between activity in the absence and in the presence of KCl. Substrate 
blanks were subtracted to calculate all enzyme activities. 
Determination of inorganic phosphate by a modification of the Malachite 
Green procedure of Muszbek, Szabo, and Fesus (47) 
The enzymatic reaction was carried out in a volume of 1.0 ml. The 
reaction was stopped by the addition of 0.7 ml of 0.045 M NagMoO^ in 
1.2 M HCl. After which, 0-3 ml of 0.42% Malachite Green in 1% polyvinyl 
alcohol was added and mixed. Two minutes and 15 seconds after the 
reaction was stopped, 2.0 ml of 7.8% H^SO^ (v/v) was added and mixed. 
After 45 minutes, the absorbance was measured at 625 nm. The color is 
stable for several hours, and 1 nmol of inorganic phosphate yields an 
absorbance of 0.020. 
Other analytical methods 
The protein concentration in microsomes, detergent extracts, and 
fractions A and B from the hexyl-Sepharose column were all estimated 
by the procedure of Lowry et al. (48) with bovine serum albumin as the 
standard. Protsin determinations on more dilute solutions obtained by 
Sephacryl S-200 Superfine chromatography were performed in the 1 to 
10 ug range using a dye binding method (49) with bovine serum albumin 
as the standard. The amount of carbohydrate present in the enzyme was 
determined by the procedure of Mantle and Allen (50), using soluble 
starch as the standard. SDS gel electrophoresis, staining and destaining 
of the gels, and the determination of molecular weights were performed 
according to the procedure of Weber and Osborn (51). The lines drawn 
on the Lineweaver-Burke plots were obtained by least squares analysis 
and used to determine the values of X and V The reported correla-
m max 
tion coefficients refer to the lines obtained by least squares analysis. 
Unless noted otherwise, the specific activities in this work have units 
of ^ imoles Pi per mg-hr and the total activities are expressed as jumoles 
Pi per hour. 
Sucrose gradient electrophoresis 
Electrophoresis of the purified enzyme was conducted in sucrose 
solutions containing 1.0 M glycine, 10 mM NaOH, pH 7.8. The sucrose 
gradient, 5 to 25% (w/v), was supported by a dense anode reservoir buffer 
of 1.0 M NaCl, 1.0 M glycine, 10 mM NaOH, 25% (w/v) sucrose, pH 7.8. 
After half of the gradient, 10 ml of 25 to 15% (w/v) sucrose, was layered 
onto the anode reservoir buffer, 0.5 ml of enzyme, dialyzed into 15% 
sucrose and containing maltose, was layered onto the gradient. The 
second half of the gradient, 10 ml of 15 to 5% (w/v) sucrose was care­
fully placed on top of the enzyme solution. The entire gradient was 
overlaid with a low density cathode buffer consisting of 1.0 M glycine 
and 0.5 M Naûll. Electrophoresis was carried out at 50 aiV for one and 
three quarters hours. The gradient was fractioned, and reducing sugar 
determinations (52) were performed to locate maltose, the midpoint of 
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+ the gradient, K -ATPase activity was assayed as described previously 
to determine the direction the enzyme had migrated in an electric 
field. 
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RESULTS 
The pH profile of the K^-ATPase activity of corn shoot microsomes, 
in the presence and absence of 2.0 mM MgCl^, is shown in Figure 1. In 
the absence of MgCl^, the K^-ATPase activity had a pH optimum of 6.5, 
while in the presence of MgClg the activity progressively declined as 
the pH increased, with a plateau at the pH values of 6.5 and 6.75. This 
experiment demonstrated that there was as much or more K^-ATPase activity 
in the absence of MgClg as when it was present. Consequently, subsequent 
assays for membrane-bound enzyme were carried out in MES-Tris buffer at 
pH 6.5 and usually did not contain MgCl^. 
Microsomes were prepared by three procedures: CaClg precipitation, 
ultracentrifugation, and ultracentrifugation through a layer of 15% (w/v) 
sucrose. The three procedures yielded approximately the same amount of 
enzyme activity on the basis of fresh tissue weight (Table 1). The 
specific activities on the basis of protein were similar for the CaClg 
and ultracentrifugation methods, but ultracentrifugation through 15% 
(w/v) sucrose yielded microsomes with higher specific activities (Table 
1), and only a small loss of overall enzyme activity (Table 2). Most 
of the K^-ATPase activity was found in the microsomal pellet, with most 
of the remaining activity being equally divided between the mitochondrial 
pellet and the post-microsomal supernatant (Table 2) The character­
istics of microsomes prepared by CaClg precipitation and by ultracentri­
fugation were compared because CaClg precipitation, which avoids the 
need for lengthy ultracentrifugations, was used for large scale enzyme 
preparations. 
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Table 1. Preparation of microsomes by three different methods 
Method of preparation Specific activity Oumoles Pi/mg-hr) 
Specific activity 
, jumoles Pi . 
g of shoot-hr 
CaClg ppt procedure 
Ultracentrifugation 
Ultracentrifugation through 
a 15% sucrose cushion 
3.01 + 0.79 
2.19 + 0.28 
5.88 + 1.15 
4.56 + 2.08 
5.07 + 0.89 
5.21 + 0,96 
Assay conditions: 8 mM MES-Tris buffer, pH 6.5, 1 mM Tris'ATP, 
50 mM KCl, 38° C 
Table 2. The distribution of K -ATPase in the preparation of microsomes 
Stage of preparation 
Total 
protein 
(mg) 
Specific 
activity 
.Aimoles Piv 
mg-hr 
Total 
activity Per cent 
of 
activity 
Homogenate 
1,600 X g pellet 
12,000 X g pellet 
80,000 X g pellet 
80,000 X g supernate 
221 
10 
14 
28 
160 
2.71 
2.10 
6.05 
14.4 
0.60 
599 
21 
85 
416 
96 
100 
3.5 
14.2 
67.7 
16.0 
Assay conditions: 8 mM MES-Tris buffer, pH 6.5, 1 mM Tris-ATP, 
+ 50 mM KCl, 38° C 
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The effect of varying the ATP concentration while the concentration 
of KCl was constant at 50 mM is depicted in Figures 2 and 3. was 
calculated to be 2.91 ^ imoles Pi/mg-hr and was 148/iM. These values 
were for ultracentrifugation microsomes (Figure 2). For CaClg precipi­
tated microsomes, V_,,„ was 2.97 ^ moles Pi/mg-hr and K was 190/iM 
mdx Ui 
(Figure 3). In both experiments, substrate inhibition occurred at con­
centrations above 1.0 mM (Figures 2 and 3). 
The effect of varying the KCl concentration when the ATP concen­
tration was 1.0 mM is shown in Figures 4 and 5. The for ultracentri­
fugation microsomes was 9.55 mM (Figure 4) and for CaClg precipitated 
microsomes, was 9.0 mM (Figure 5). In both experiments, K -ATPase 
activity was inhibited by KCl concentrations greater than 50 mM (Figures 
4 and 5). 
Increasing concentrations of MgClg led to a decrease in K^-ATPase 
activity (Table 3). The amount of uncomplexed ATP in a series of assay 
mixtures containing different MgClg concentrations was calculated by 
using a formation constant of 6.37 mM for Mg'ATP. This value was 
derived for 20 mM MES-Tris buffer, pH 6.5 (24, 53). Using the kinetic 
parameters determined in the experiments depicted in Figures 2 and 3, the 
enzyme activity due to the hydrolysis of free ATP in a mixture containing 
Mg'ATP was estimated (Table 4). At low concentrations of MgCl^ and 
Mg'ATP, the amount of enzyme activity corresponded closely to the amount 
one would predict, based on the calculated free ATP concentration (Table 
4). When the free ATP concentration was 0.33 mM or less, then there was 
substantial inhibition by MgCl^ or Mg'ATP, and this inhibition was 
slightly greater for CaCl2 precipitated microsomes (Table 4). The 
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Table 3. The effect of MgCl^ on the K^-ATPase 
[MgCl2] [MgCl2] Specific activity (pmoles Pi/mg-hr) 
mM [ATP] -HCCl -KCl K+ stimulation 
Microsomes prepared by ultracentrifugation 
0 0 9.45 6.87 2.58 
0.5 1/2 10.02 7.68 2.34 
1.0 1/1 6.10 4.87 1.27 
3.0 3/1 5.04 4.46 0.58 
6.0 6/1 4.02 3.79 0.23 
9.0 9/1 3,76 3.64 0.14 
Microsomes prepared by CaCl^ precipitation 
0 0 5.39 2.94 2.45 
0.5 1/2 5.80 3.59 2.21 
1.0 1/1 3.21 2.53 0.78 
3.0 3/1 2.78 2.50 0.28 
6.0 6/1 2.53 2.45 0.08 
9.0 9/1 2.37 2.29 0.08 
Assay conditions: + 50 mM KCl, 20 mM MES-Tris buffer, pH 6^.5, 
1 mM Tris-ATP, 38° C 
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Table 4. Observed and predicted activities of the K^-ATPase as a 
function of MgCl^ concentration 
[ATP] 
mM 
[MgClg] 
mM 
[Mg-ATP] 
mM 
Specific activity 
(wmoles Pi/ms-hr) 
Predicted Observed 
Microsomes prepared by ultracentrifugation 
1.0 0 0 2.58 2.58 
0.603 0.103 0.397 2.40 2.34 
0.326 0.326 0.674 2.02 1.27 
0.070 2.070 0.930 0.89 0.58 
0.030 5.030 0.970 0.40 0.23 
0.019 8.019 0.981 0.31 0.14 
Microsomes prepared by CaClg precipitation 
1.0 0 0 2.45 2,45 
0.603 0.103 0.397 2,23 2.21 
0.326 0.326 0.674 1.88 0.78 
0.070 2.070 0.930 0.79 0.28 
0.030 5.030 0.970 0.23 0.08 
0.019 8.019 0.981 0.17 0.08 
Assay conditions: 20 
+ 50 mM KCl, 38° C 
mM MES-Tris buffer, pH 6.5, 1 mM Tris*ATP, 
31 
K^-ATPase clearly hydrolyzes ATP in the absence of MgCl^. 
The effects of CaCl^ on the membrane-bound enzyme are different 
from those of MgCl^ (Table 5). CaCl^ was only slightly inhibitory 
+2 (Table 5). A possible explanation for the different effects of Mg 
+2 +2 
and Ca is that Ca , at low concentrations, may bind to microsomal 
membrane lipids rather than to ATP, 
In another experiment, a sample of microsomes was dialyzed against 
extraction buffer containing EGTA for 48 hours with two changes of 
buffer. As a control, another sample was dialyzed against 0.25 M 
sucrose, 15 mM Tris adjusted with HCl to pH 7,2, for 48 hours with two 
changes of buffer. After dialysis, the control microsomes had a specific 
activity of 1.34 + 0.10 ^ moles Pi/mg-hr, while the EGTA treated micro­
somes had a specific activity of 1.21 + 0.09/imoles Pi/mg-hr, The 
addition of either MgCl^ or CaCl^ at a concentration of 75 /iM. did not 
stimulate the K'^'-ATPase activity of the EGTA treated microsomes (data 
not shown). These data suggest that the K^-ATPase does not have a 
bound metal ion, or that any bound metal ion is tightly bound. 
The experiments summarized by Tables 6 andi 7 were done to determine 
if the properties of the K -ATPase observed in previous experiments were 
peculiar to the corn variety W64A or if they would be observed in enzyme 
prepared from several varieties. The shoot microsomes were assayed with 
1.0 mM ATP. in the presence and absence of 3,0 MgCl^. All of the 
varieties had a shoot ATPase activity that was stimulated by KCl and 
inhibited by MgCl. (Table 6)= The amount of K^-ATPase varied according 
to the inbred. The microsomes also contained AMPase and acid phosphatase 
activities (Table 6). The amount of acid phosphatase activity at pH 6.5 
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Table 5, The effect of CaCl^ on the K^-ATPase 
[CaCl2] [CaCl2] Specific activities (fimoles Pi/mg-hr) 
mM [ATP] -HCCl -KCl K+-stimulation 
Microsomes prepared by ultracentrifugation 
0 0 7.35 4.85 2.50 
0.5 1/2 7.23 4.87 2.36 
1.0 1/1 7.23 4.97 2.26 
3.0 3/1 7.16 4.97 2.19 
6.0 6/1 7.10 4.84 2.26 
Microsomes prepared by CaCl^ precipitation 
0 0 4.76 2.79 1.97 
0.5 1/2 4.83 2.79 2.04 
1.0 1/1 4.80 2.79 2.01 
3.0 3/1 4.76 2.79 1.97 
6.0 6/1 4.80 2.77 2.03 
100.0 100/1 1.43 1.43 0.00 
Assay conditions: 20 mM MES-Tris buffer, pH 6.5, 1 mM Tris'ATP, 
+ 50 mM KCl, 38° C 
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Table 6(a). The effects of KCl and MgCl2 on the ATPase activities of 
shoot microsomes from five inbreds with N and T cytoplasm 
Specific activities (tunoles Pi/mg-hr) 
Variety 
-HCCl -KCl A -HCCl-»lgCl2 •rtlgCl2 A 
B37,N 9.58 6.33 3.25 6.33 5.30 1.03 
B37,T 10.00 6.79 3.21 6.34 5.60 0.74 
Mol7,N 9.03 6.21 2.82 5.28 4.57 0.71 
Mol7,T 9.10 6.44 2.66 7.96 6.66 1.30 
Oh43,N 8.57 6.02 2.55 7.88 6.50 1.38 
Oh43,T 9.16 6.31 2.85 7.39 6.31 1.08 
W64A,N 15.80 9.40 6.40 7.23 6.39 0.84 
W64A,T 16.25 10.24 6.01 7.42 6.25 1.17 
WF9,N 15.16 9.73 5.43 7.03 6.07 0.96 
WF9,T 14.83 9.35 5.48 6.88 5.70 1.18 
Table 6(b). Activity of acid phosphatase, AMPase, ATPase, and Mg*ATPase 
in shoot microsomes from five inbreds with N and T cytoplasm 
Variety Specific activities (^imoles Pi/mg-hr) 
Substrate PNPP PNPP Mg'ATP ATP AMP 
pH 5.0 6.5 6.5 6.5 6.5 
B37,N 15.53 5.56 5.30 6.33 2.55 
B37,T 16.51 5.62 5.60 6.79 3.62 
Mol7,N 6.47 3.08 4.67 6.21 4.10 
Mol7,T 5.91 3.38 6.66 6.44 3.54 
Oh43,N 16.65 5.31 4.38 4.06 35.12 
Oh43,T 15.29 5.02 4.38 4.38 31.66 
W64A,N 11.33 5.06 6.39 9.40 9.77 
W64A,T 11.88 5.31 6.25 10.24 8.27 
WF9,N 13.46 7.07 6.07 9.73 5.25 
WF9;T 11.75 6.50 5.70 9.35 5.91 
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Table 7(a). The effects of KCl and MgCl2 on the ATPase activities of 
root microsomes from five inbreds with N and T cytoplasm 
Specific activities (jumoles Pi/mg-hr) 
Variety 
+KC1 -KCl A -HCCl+MgCl2 4tfgCl2 A 
B37,N 6.63 4.82 1.81 9.34 7.69 1.65 
B37,T 6.03 3.95 2.08 8.05 6.72 1.33 
Mol7,N 3.51 2.39 1.12 8.16 6.33 1.83 
Mol7,T 4.01 2.95 1.06 6.65 5.34 1.21 
Oh43,N 5.28 3.87 1.41 5.50 4.40 1.10 
Oh43,T 3.87 2.98 0.90 5.72 4.18 1.54 
WF9,N 4.48 3.22 1.26 7.44 6.30 1.14 
WF9,T 4.44 3.16 1.28 6.18 5.28 0.90 
W64A,N 4.54 3.24 1.30 6.82 5.52 1.30 
W64A,T 4.74 3.59 1.15 7.57 6.63 1.24 
Table 7(b). Activity of acid phosphatase, AMPase, ATPase, and Mg'ATPase 
in root microsomes from five inbreds with N and T cytoplasm 
Variety Specific activities (jiraoles Pi/rag~hr) 
Substrate PNPP PNPP ATP Mg'ATP AMP 
pH 5.0 6.5 6.5 6.5 6.5 
B37,N 32.78 8.85 4.82 7.69 16.96 
B37,T 25,62 7.15 3.95 6.72 18.83 
Mol7,N 6.47 3.09 2.39 6.33 9.76 
Mol7,T 5.91 3.38 2.95 5.34 6.20 
Oh43,N 12,26 4.22 3.87 4.40 23.21 
Oh43,T 14.24 4.75 2.98 4.18 18.59 
WF9,N 11.33 5.66 3.22 6.30 15.99 
WF9,T 11.38 6.01 3.16 5.28 16.80 
W64A,N 14.50 5.63 3.24 5.52 17.96 
W64A,T 11.40 5.48 3.59 6.63 16.04 
35 
was of the same order of magnitude as the ATPase activity of shoot 
microsomes in the absence of KCl (Table 6). 
The root microsomes were assayed with 0.5 mM ATP, in the presence 
and absence of 1.5 mM MgCl^. There was K^-ATPase activity in the 
absence of MgCl^, but this activity was not affected by MgCl^ (Table 7). 
The K^-ATPase activity of root microsomes was lower than that observed 
for shoot microsomes (Tables 6 and 7). The roots had higher AMPase 
activities than the shoots (Tables 6 and 7). The roots contained an 
ATPase activity that was stimulated by MgClg (Table 7), a result much 
different from that observed in shoots (Table 6). Acid phosphatase 
activity was much higher at pH 5.0 than at pH 6.5, and the amount of 
acid phosphatase activity at pH 6.5 was of the same order of magnitude 
as the Mg*ATPase activity, and about double the amount of ATPase activity 
(Table 7), The results from both root and shoot microsomes suggest that 
most of the nonion-stimulated ATPase activity arises from a nonsubstrate-
specific acid phosphatase (Tables 6 and 7). 
To determine if the K^-ATPase was truly a membrane-bound enzyme or 
just a soluble, trapped enzyme, microsomes were centrifuged on discon­
tinuous and linear sucrose gradients. On the discontinuous gradients, 
the highest specific activities for acid phosphatase and K^-ATPase 
occurred at band B, and the migration pattern of the two was similar 
(Table 8). In contrast, the AMPase was located at band A. When linear 
gradients were used, the results were slightly different (Figure 6). 
The acid phosphatase had a large peak at the top of the gradient, a 
long tail between 18 and 26% sucrose, a small peak around 40% sucrose, 
and a large, sharp peak between 44 and 46% sucrose. The K"^-ATPase had 
Table 8. Distribution of enzyme activities in discontinuous sucrose density gradients 
Band 
Specific activities ():imoles Pi/mg-hr) Total activity (;imoles Pi/hr) 
•HCCl -KCl A PNPP AMP K'^-ATPase PNPPase AMPase 
Mic 8.40 5.42 2.88 7.03 2.88 177.3 422 173 
A 13.35 9.38 3.9? 11.40 7.44 38.6 110.7 72.3 
B 41.71 25.70 16.01 29.9 7.40 89.8 167.8 42.6 
C 14.05 7.75 6.30 10.6 2.11 27.4 42.2 8.5 
D 7.31 4.11 3.20 6.3 1.83 8.2 16.3 4.7 
E 5.50 4.40 1.10 5.7 1.03 2.3 12.5 2.9 
F 2.90 0.90 2.00 5.3 0.26 3.8 10.0 0.5 
Total activity recovered % 95.9 85.4 76.1 
Assay conditions: 8 mM MES-Tris buffer, pH 6.5 for the K^-ATPase and AMPase assays, and 
10 mM sodium acetate buffer, pH 5.0. 1 mM Tris'ATP, 0.75 mM Na AMP, 1 mM PNPP, 38° C 
Figure 6. Centrifugation of the microsomal pellet through a 20 to 50% (w/v) sucrose linear 
gradient 
Assay conditions: The K^ATPase activity was measured in 8 mM MES-Tris buffer, pH 6.5, 
with 1 mM Na2ATP as substrate. The specific activities are the increments from the 
addition of 50 mM KCl. Thci AMPase activity was measured in 8 mM MES-Tris buffer, pH 
6.5, with 0.75 mM NaAMP a£i the substrate. The acid phosphatase was measured in 10 mM 
sodium acetate buffer, pH 5.0, with 1 mM £-nitrophenylphosphate as the substrate. All 
assays were at 38° C 
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a broad peak from 20 to 28% sucrose, partially separated from the other 
two enzymes, and a large, sharp peak between 44 and 46% sucrose. The 
AMPase had a broad peak from 18 to 26% and a large, sharp peak between 
44 and 46% idiich coincided with the -ATPase and acid phosphatase peaks. 
"t" 
These experiments demonstrated that most of K -ATPase was membrane-bound, 
as were the acid phosphatase and AMPase. 
Because AMPase or 5'-nucleotidase activity has not been recognized 
as a membrane-associated activity in plants (25), some further character­
ization of this activity was undertaken. At pH 6.5, the Km for AMP was 
17 aiM, while the Km for ot-glycerol phosphate was 325 juM, suggesting that 
the enzyme was nucleotide specific. Although this suggests an enzyme 
similar to the plasma membrane-bound enzyme of animal cells, further 
characterization is necessary. 
PCMB, iodoacetamide, and DCCD were found to inhibit the membrane-
bound K^-ATPase, with PCMB being the most potent and iodoacetamide the 
least potent (Table 9). Oligomycin and diethylstilbestrol have been 
rêpûïtêu àb IruilblLOrS of Luè Oâc ifûOî: K -ATrâsè (13, 54). Neither 
was found to have a significant effect on the corn shoot membrane-bound 
enzyme (Table 10). Valinomycin, an ionophore specific for K , had no 
effect on the corn shoot enzyme (Table 11). Ouabain at 2.0 mM, a con­
centration sufficient to totally inhibit the (Na^,K^)-ATPase of animals 
(55) , had little effect (Table 11). These chemicals acted the same way 
on microsomes prepared by ultracentrifugation or by CaCl^ precipitation 
(Tables 9-11). 
The effectiveness of several salts in stimulating the enzyme was 
compared. There was little difference between the anions, CI , 
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Table 9. Inhibition of the membrane-bound K^-ATPase by iodoacetamide, 
PCMB, and DCCD 
Specific activities Apparent 
Treatment (ttmoles Pi/mg-hr) per cent 
-HCCl -KCl A inhibition 
Microsomes prepared by ultracentrifugation 
Control 8.08 5.46 2.62 
10"4 M PCMB 3.50 2.83 0.67 74.6 
10 ^ M iodoacetamide 7.74 5.48 2.26 14.0 
Control 8.74 6.34 2.40 
10'^ M DCCD 8.28 6.63 1.65 31.3 
CaClg precipitated microsomes 
Control 4.85 2.50 2.35 
-4 10 M PCMB 1.19 0.82 0.37 84 
10 ^  M iodoacetamide 4.34 2.50 1.84 22 
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Table 10. The effects of oligomycin and diethylstilbestrol on the 
membrane-bound enzyme 
Specific activities cent 
Treatment ^moles Pl/mR-hr) inhibition 
Microsomes prepared 
Control 7.91 
1% ethanol 7.74 
lO"^ M DES 7.51 
10"5 M DES 6.83 
50 uM oligomycin 7.91 
Microsomes prepared 
Control 4.44 
1% ethanol 4.54 
50 uM oligomycin 4.49 
Control 6.28 
27o ethanol 6.26 
10"^ M DES 6.23 
by ultracentrifugation 
5.14 2.77 
4.92 2.82 none 
4.97 2.54 8.4 
4.58 2.25 18.8 
5.65 2.26 18.4 
by CaClg precipitation 
2.70 1.74 
2.76 1.78 none 
2.84 1.65 5.2 
4.01 2.27 
3-98 2.28 none 
4.05 2.18 4.4 
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Table 11. The effect of valinomycin and ouabain on the membrane-bound 
enzyme 
Treatment 
Specific activity 
(lumoles Pi/mg-hr) 
Stimulation 
by KCl 
0 mM KCl 
0 mM KCl + 2 juiM Valinomycin 
50 mM KCl 
50 mM KCl + 2 /iM valinomycin 
100 mM KCl 
100 mM KCl + 2 ;nM valinomycin 
250 mM KCl 
250 mM KCl + 2 ;LIM valinomycin 
8.25 
8.30 
14.75 
14.85 
14.35 
14.45 
11.60 
11.40 
6.50 
6.55 
6.10 
6.15 
3.35 
3.10 
0 mM KCl 
0 mM KCl + 2 mM ouabain 
50 mM KCl 
50 mM KCl + 2 mM ouabain 
14.35 
14.35 
21.10 
20.54 
7.03 
6.19 
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malate, and aspartate, but the order of effectiveness of cations in 
+ + + 
activating the enzyme was K > Na > Li (Tables 12 and 13) . Finally, 
the activity of the membrane-bound enzyme with 4 nucleotide triphosphates 
was measured. The order of rates was ATP > GTP > CTP > UTP (Table 14). 
The K^-ATPase was solubilized by a variety of detergents. The use 
of detergents was necessary because the NaClO^ treatment, that worked 
well on the corn root enzyme, failed to extract the corn shoot enzyme. 
Triton X-100 solubilized from 40 to 45% of the K^-ATPase activity 
(Table 15), but it proved difficult to remove (56) and the activity of 
such extracts declined rapidly (data not shown). Octyl glucoside gave 
satisfactory results (Table 15), but sucrose dilaurate plus KCl was 
used for most enzyme preparations because sucrose dilaurate was more 
readily available. Near the end of this research, two new detergents, 
Zwittergent 3-12 and Zwittergent 3-14 (N-dodecyl- and N-tetradecyl-N,N'-
dimethyl-3-ammonio-l-propane sulfonate) became available from Calbiochem 
(57). These detergents were the most effective of those tried. They 
were sblc to solubilizs about twO-thirds of the K^-ATPase activity 
(Table 15). It was also possible to reextract the Zwittergent-treated 
microsomes and solubilize more enzyme. Ultimately, it was possible to 
solubilize 75 to 80% of the original activity and leave almost no residual 
activity in the pellet (Table 16). These detergents also solubilized 
the AMPase activity to about the same extent that they solubilized the 
K'^-ATPase. 
The next group of experiments was done to determine if the solubil­
ized enzyme would reassociate with the microsomal membranes. The 
reassociation of protein and AMPase was also measured to see if 
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Table 12. The effects of various salts on the activity of the membrane 
bound K"*"-ATPase 
Specific activity (jumoles Pi/mg-hr) * 
+Salt -Salt Salt stimulation 
KCl 12.5 10.2 2.3 
KNO^ 12.0 10.2 1.8 
K^SO^ 12.6 10.2 2.4 
NaCl 12.1 10.2 1.9 
LiCl 11.2 10.2 1.1 
LigSO^ 11.3 10.2 1.2 
The concentration of cation in each experiment was 50 mM. The 
microsomes were prepared by CaCl2 precipitation, and the assays were run 
in 8 mM MES-Tris buffer at pH 6.5 and with 1.0 mM Tris-ATP. 
Table 13. The effect of malate and aspartate on the membrane-bound 
enzyme 
No salts 2.98 + 0.05 
20 mM KCl 4.33 + 0.03 1.35 + 0.08 
20 mM k"^, 10 mM malate 4.10 + 0.09 1.12 + 0.14 
20 mM K^, 10 mM aspartate 4.33+0.05 1.35+0.10 
Assay conditions: 8 mM MES-Tris buffer, pH 6.5, 1 mM Tris"ATP, 
38° C. The microsomes were prepared by ultracentrifugation. 
Table 14. The activity of membrane-bound K -ATPase on various nucleotides 
Substrate Specific activity (timoles Pi/mg-hr) 
-HCCl -KCl 
ATP 9.04 6.84 2.20 
GTP 5.60 4.65 1.95 
CTP 5.43 4.16 1,27 
UTP 4.16 3.14 1.02 
The concentration of each nucleoside triphosphate was 0,75 The 
microsomes were prepared by CaCl2 precipitation, and the assays were run 
in 8 mM MES-Tris buffer. pH 6.5. 
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Table 15. Solubilization of the K -ATPase by a variety of detergents 
Specific activity 
(pmoles Pi/Mg-hr) 
Total activity 
(limoles Pi/hr) 
Per cent of 
activity in 
microsomes 
Microsomes 
1% Triton (extract) 
1% Triton (pellet) 
2.00 
1.74 
1.86 
12.00 
5.22 
3.91 
100 
44 
33 
Microsomes 
30 mM o.g. (extract) 
30 mM o.g. (pellet) 
5.7 
4.8 
14.8 
255 
160 
65 
100 
63 
25 
Microsomes 
1% s.d.l. + 1.0 M KCl 
(extract) 
17o s.d.l. + 1.0 M KCl 
(pellet) 
4.6 
6 . 0  
6.3 
215 
102 
79 
100 
47 
37 
Microsomes 
1% Zwittergent 3-12 
(extract) 
17o Zwittergent 3-12 
(pellet) 
6.9 
8 . 0  
14.5 
152 
108 
61 
100 
71 
40 
Microsomes 
1% Zwittargant 3-14 
(extract) 
17o Zwittergent 3-14 
(pellet) 
6.9 
/ .u 
16.9 
152 
iUi 
76 
100 
o/ 
50 
Abbreviations: o.g. = octyl glucoside; s.d.l. = sucrose dllaurate. 
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Table 16. Solubilization of K^-ATPase by repeated extraction of micro­
somes by 1% Zwittergent 3-12 
Specific activity 
(nmoles Pi/mg-hr) 
Total activity 
(/imoles Pi/hr) 
Per cent of 
total activity 
Microsomes 6.9 455 100 
First extract 6.9 275 60 
Second extract 7.1 55 12 
Third extract 6.3 10 3 
Combined extracts 7.0 340 75 
First pellet 8.9 115 24 
Second pellet 8.4 26 6 
Final pellet 3.8 6 1.3 
reassociation was selective. If the microsomes are extracted with 
sucrose dilaurate and KCl and the detergent and salt dialyzed out at 
O 4" 
4 C, then there was no reassociation of protein or K -ATPase (Table 17). 
But, if the last two hours of the dialysis was done at 25° C, then some 
of the protein and AMPase reassociated (Table 18). However, under these 
conditions, the K^-ATPase did not reassociate (Table 18). If the micro­
somes were solubilized with 30 mM octyl glucoside, then there was partial 
reassociation of total protein, AMPase, and K -ATPase during dialysis 
(Table 19). But if the microsomal solubilization was done with Zwit­
tergent 3-12 or 3-14, no reassociation of protein, AMPase, or K^-ATPase 
was detectable (Table 20). The zwitterionic detergents may dialyze 
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Table 17. Extraction of the microsomes by 1% sucrose dilaurate in 
1.0 M KCl, and reassociation at 4° C 
K -ATPase total activity 
(jimoles Pi/hr) Mg of protein 
Microsomes 
Pellet 
Extract 
215 
102.7 
92.5 
46.2 
14.4 
25.0 
After recombination and dialysis 
Pellet 
Extract 
Control a 
78.8 
102.2 
38-0 
12.5 
17.3 
8.0 
^The control was recombined material that was not centrifuged. 
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Table 18. Extraction of the microsomes by 1% sucrose dilaurate in 
1.0 M KCl, reassociation for 2 hours at 25° C 
Total activity 
(pmoles Pi/hr) 
— Mg of protein 
K -ATPase AMPase 
Microsomes 109 41 19.3 
Pellet 35 11 5.0 
Extract 38 39 6.2 
After recombination and dialysis 
Pellet 28 17 5.8 
Extract 46 33 5.4 
Control 1 0.2 0.1 
After a second recombination and dialysis 
Pellet 28 28 6.4 
Extract 35 27 4.2 
Control 1 0.2 0.1 
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Table 19. Extraction of the microsomes by 30 mM octylglucoside, 
reassociation for 2 hours at 25° C 
Total activity 
(pmoles Pl/hr) % of protein 
-f-
K -ATPase AMPase 
Microsomes 255 408 45 
Pellet 65 34 4.5 
Extract 160 348 33 
After recombination and dialysis 
Pellet 93 108 15 
Extract 95 255 17 
Control 6 9 1.0 
After a second recombination and dialysis 
Pellet 30 140 14 
Extract 36 92 13.5 
Control 3 7 1.0 
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Table 20. Extraction of the microsomes by either 1% Zwittergent 3-12 or 
l7o Zwittergent 3-14, reassociation at 25° C for 2 hours 
Total activity 
(pmoles Pi/hr) 
K^-ATPase AMPase 
Mg of protein 
Zwittergent 3-12 
Microsomes 
Pellet 
Extract 
152 
61 
108 
104 
21 
84 
22 
4.2 
13.5 
After recombination and dialysis 
Pellet 
Extract 
Control 
58 
99 
3.0 
16.1 
61.7 
1 . 2  
2.5 
11.8 
0 . 2  
Zwittergent 3-14 
Microsomes 
Pellet 
Extract 
152 
76 
101 
104 
25 
129 
22 
4.5 
14.5 
After recombination and dialysis 
Pellet 
Extract 
Control 
54 
79 
3 
16 
111 
1 . 2  
2.5 
14.0 
0 . 2  
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slowly and/or they are very effective in keeping membranes in solution 
(57). 
It was evident from the experiments done with microsomes that 
"f" 
the K -ATPase activity of microsomes prepared by CaCl^ precipitation was 
essentially identical to the K -ATPase prepared by ultracentrifugation. 
The enzyme routinely was prepared from microsomes made by CaCl^ precipi­
tation, because it was faster for large scale preparations of purified 
enzyme. 
-J-
Figure 7 shows a purification scheme for the K -ATPase. This pro­
cedure was adapted from the method worked out earlier for the corn root 
microsomal K^-ATPase (42). It differs from the earlier scheme in the 
requirement for detergent in the solubilization of the enzyme. 
After solubilization, the sucrose dilaurate and KCl were replaced 
with 0.25 M NaClO^ by dialysis. At lower ionic strengths, the enzyme 
was unstable (data not shown). This extract was passed over a hexyl-
Sepharose column. Most of the material absorbing at 280 nm did not bind 
to the column and was found in fraction A (Figure 8). Both the K^-ATPase 
and AMPase bound to the column and were eluted with 1.0 M NaClO, 
4 
(fraction B, Figure 8). 
Fraction B was concentrated, dialyzed into 1.0 M NaCl, and purified 
further by gel filtration chromatography. Routinely, a Sephacryl S-200 
Superfine column was used, though a Sephadex G-lOO Superfine column was 
also occasionally used. Figure 9 shows the elution profile of the 
enzymes from the Sephacryl S-200 Superfine column. Most of the K^-ATPase 
was resolved from the AMPase. Using bovine serum albumin, ovalbumin, 
a-chymotrsinogen, and ribonuclease as standards, the estimated molecular 
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Figure 7. Purification scheme for the K -ATPase 
Figure 8. Chromatography of the K -ATPase and AMPase activities from detergent solubilized 
microsomes on hexyl-Sephairose. Fraction A consists of fractions 10-40, and fraction B 
consists of fractions 41-60 
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Figure 9. The elution profiles for K"^-ATPase and AMPase, after purification on the hexyl-Sepharose 
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weights were 31,000 + 3,000 for the K'^-ATPase and 48,000 + 5,000 for 
the AMPase. Similar molecular weight estimates were obtained using the 
Sephadex G-lOO Superfine column (data not shown). 
When it was discovered that Zwittergent 3-12 solubilized most of 
the microsomal K^-ATPase activity, microsomes so solubilized were puri­
fied by hexyl-Sepharose and Sephacryl S-200 Superfine chromatography. 
If the solubilized microsomes are put onto the Sephacryl S-200 Superfine 
column first, then most of the material absorbing at 280 nm and all three 
of the enzymes eluted near the void volume (Figure 10). But if the solu­
bilized microsomes were passed over the hexyl-Sepharose column first 
and then put on the Sephacryl S-200 Superfine column, then all three 
enzymes were resolved (Figure 11). The acid phosphatase peak coincides 
with the nonK -stimulated ATPase peak and has an estimated molecular 
weight of 70,000 + 7,000. The molecular weight estimates of the AMPase 
and K^-ATPase remained the same, and there was no evidence of a second 
K^-ATPase (Figure 11). 
Electrophoresis in. 10% pclyacrylamide gels in SDS x-?ere performed 
at each stage of the purification of the enzyme (Figure 12). After 
the Sephacryl S-200 Superfine column, there was one major band visible 
on the gels. From SDS electrophoresis in the presence of standards 
(Figure 13), the estimated molecular weight of the major band was 
31,500 + 3,000, a result in close agreement with that obtained by gel 
filtration. Table 21 is a summary of the purification of the enzyme. 
The result was an increase in specific activity of about 400-fold. 
To determine the charge of the enzyme, sucrose density gradient 
electrophoresis was performed. The enzyme has a negative charge at 
Figure 10. The elution profiles for K'^-ATPase, AMPase, and acid phosphatase from the Sephacryl 
S-200 Superfine column before purification on the hexyl-Sepharose column 
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Figure 11. The elution profiles for K^-ATPase, AMPase, and acid phosphatase on Sephacryl S-200 
Superfine, after purification on the hexyl-Sepharose column 
o—o acid phosphatase pH 5 
•—• AMPase 
AgSO ^K± ATPase 
A-A A 280 
0.200 
0.100 
void volume 
A A A  
0 8 16 24 32 40 48 56 64 
pmoles Pi 
ON 
FRACTION IWMBER (4.6 ml FRACTIONS) 
Figure 12. SDS gel electrophoresis of protein at various stages of 
purification 
A. Microsomes (100 jug) 
B. Sucrose dilaurate + KCl extract (50 /ig) 
C. Hexyl-Sepharose, fraction B (20jug) 
D. Sephacryl S-200 purified (10 /ig?) 
E. Standard proteins, 2-3 ug of bovine serum albumin, 
ovalbumin, a -chymotrypsinogen A, and ribonuclease 
63 
BOTTOM 
Figure 13. Molecular weight estimation using SDS gel electrophoresis 
Samples of 2-3 ug of bovine serum albumin, oval­
bumin, a-chymotrypsinogen A, and ribonuclease were 
applied to 10% SDS gels and electrophoresis carried 
out (molecular weights; 68,000, 43,000, 25,700, and 
14,500). The short horizontal dash through the line 
connecting the points represents the intersection of 
the mobility of the K+-ATPase with the line 
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Table 21. Purification and recovery of the K'^-ATPase 
Membranes 134 2.0 -- 100 
Detergent + KCl extract 20.4 5.0 2.5 38 
Extracted membranes 105 0.43 -- 17 
Hexyl-Sepharose column 1.63 55.0 27.5 33 
Sephacryl S-200 column 0.10 870 435 33 
The membranes were assayed at pH 6.5, + 50 mM KCl; the other stages 
at pH 7.8, with 0.01% sucrose dilaurate + 250 mM KCl 
pH 7.8. 
Using a quantitative adaptation of the periodate-Schiff procedure, 
it was found that the enzyme is a glycoprotein. A sample containing 
54 ue of Tjrotein. as estimated bv the Lowrv orocedure f48^. was estimated 
to contain 30 /ig of carbohydrate. 
The effects of different ionic strengths on the enzyme are shown 
in Table 22. When the enzyme was dialyzed into a low ionic strength 
buffer, some of it eluted from a Sepharose 4B column at the void volume 
at an apparent molecular weight of 400,000 or greater, and the rest 
bound to the column. The bound enzyme could be washed from the column 
with 1.0 M NaCl. In 0.1 M NaCl, the aggregate disappeared, but much 
of the enzyme still bound to the column. Finally, in 0.4 M NaCl, all 
of the enzyme eluted at a position corresponding to approximately 30,000. 
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Table 22. The effect of ionic strength variations on the K^-ATPase 
Buffer Per cent of K -ATPase 
Monomer Bound Aggregate 
1 M glycine 
1 M glycine + .1 M NaCl 
1 M glycine + .4 M NaCl 
10 mM Tris + .1 M NaCl 
10 mM Tris + .2 M NaCl 
10 mM Tris + .4 M NaCl 
5 
31 
100 
73 
26 
100 
71 
69 
0 
20 
74 
0 
24 
0 
0 
7 
0 
0 
All enzyme assays were run at pH 7.8 + 250 mM KCl at 38 C. 
Figure 14 shows the elution profiles of the enzyme at low ionic strength, 
1.0 M glycine, 10 mM NaOH, pH 7.8, and at high ionic strength, 0.4 M 
NaCl, 1.25 mM MgCl^, adjusted with Tris to pH 8.0. 
The pH optimum of the purified enzyme is around 7.8 (Figure 15), 
and there is much greater activity with 250 mM KCl than 50 mM KCl. The 
+2 +2 +2 
divalent cations, Ca , Mg , and Cd , inhibited the enzyme (Figure 16), 
while the addition of EGTA had virtually no effect (Table 23). At pH 
7.5, 1.0 mM CdSO^ inhibited over 90% of the enzyme activity (Table 23), 
and J âfc pH 6,5; CdSO^ inhibited the enzyme (Figure 16) while equivalent 
+2 +2 
concentrations of Mg or Ca did not effectively inhibit it (Table 23). 
Other possible inhibitors were tried and the results are summarized In 
Table 24. Both PCMB and DCCD were good inhibitors of the purified 
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Table 23. The effects of CdSO^ at pH 7.5 and 6.5 on the enzyme 
Specific activity 
Treatment (fimoles Pi/mg-hr) 
K+-stimulation 
pH 7.5 
Control 500 + 5 
1 mM CaClg 282 + 5 
1 mM CdCln 22 + 10 
pH 6.5 
Control 305 + 11 
1 mM MgClg 310 + 11 
1 mM CaClg 304 + 10 
1 mM CdSO, 113 + 6 
The pH 6.5 assays were done in 8 mM MES-Tris buffer, while the 
pH 7.5 assays were done in 10 mM K^^Hepes buffer. Both experiments were 
done + 250 mM KCl. 
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Figure 14. The elution of the purified K^-ATPase on a Sepharose 4B 
column at low ionic strength and at high ionic strength 
Figure 15. Activity of the purified enzyme as a function of pH at two KCl concentrations 
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Figure 16. The effects of Cd^^, Ca*^, and Mg"*"^ on the purified 
enzyme 
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Table 24. The effects of DCCD, PCMB, DES, SADH, oligomycin, and EGTA 
on the K -ATPase 
Concentration 
of inhibitor 
Specific activity 
(pmoles Pi/mg-hr) 
Activity 
remaining 
(%) 
Control 
lO"^ M DES 
lO"^ M DES 
2 mM SADH 
.4 mM SADH 
25 uM oligomycin 
570 
358 
530 
115 
497 
585 
100 
63 
93 
20 
87 
101 
Control 
.3 mM EGTA 
570 
550 
100 
97 
Control 
.004 mM DCCD 
.020 mM DCCD 
.040 mM DCCD 
.060 mM DCCD 
.080 mM DCCD 
.100 mM DCCD 
.500 mM DCCD 
Control 
.1 mM PCMB 
.4 mM PCMB 
.7 mM PCMB 
732 
620 
540 
525 
450 
413 
402 
245 
597 
470 
287 
168 
100 
85 
74 
72 
61 
56 
55 
34 
100 
78 
48 
28 
75 
(Table 24) and the membrane-bound enzyme (Table 9). SADH, a growth 
inhibitor (58), and DES inhibited the purified enzyme (Table 24), but 
not the membrane-bound enzyme (Table 9). Oligomycin, a reported 
inhibitor of the oat root K^-ATPase (13), had no effect on the corn 
shoot K^-ATPase (Tables 11 and 24). 
Figure 17 shows the activity of the purified enzyme as a function 
of different KCl and ATP concentrations. The K was between 15 and 40 
m 
>iM for all of the examined KCl concentrations (Table 25). Velocity 
increases up to 250 mM KCl, but greater concentrations are inhibi­
tory (Figure 18). The addition of 0.01% sucrose dilaurate increased 
Table 25. The effect of KCl on K^ and of the K -ATPase 
[KCl] ^max (pmoles Fi/mg-hr) K m 
Correlation 
coefficient 
250 mM 
100 mM 
80 mM 
60 mM 
40 mM 
20 mM 
625 
233 
200 
80 
72 
43 
15 ;uM 
23 juM 
41 juM 
37 juM 
29 
34 pM 
.970 
.974 
.963 
.840 
.913 
.995 
All assays were done in 100 mM glycine, 1 m NaOH buffer, pH 7.8, 
with less than lu/ô ox the total ATP hydrolyzed. 
r 
Figure 17. A Lineweaver-Burke plot of enzyme activity as a function 
of KCl and ATP concentrations 
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Figure 18. Effect of 0.01% sucrose dilaurate on the purified enzyme 
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V^ax decreased from 160 mM to 115 mM (Figure 18). But, the 
stimulation was not great and the other experiments were done without 
sucrose dilaurate in order to make use of the more sensitive Malachite 
Green method of phosphate determination (47). 
Table 26 shows the activity of the enzyme with different salts. 
-f-  ^  ^
The order of activation was clearly K > Na > Li , especially at lower 
concentrations. This was the same order of activation found for the 
membrane-bound enzyme (Table 12). Sulfate salts stimulated the purified 
enzyme more at low monovalent cation concentrations and less at high 
monovalent cation concentrations (Table 26). However, varying the anion 
had little effect on the membrane-bound enzyme (Table 12). 
If MgClg is added to the assay buffer, the activation of the enzyme 
by KCl is altered (Figure 19). Instead of a linear double reciprocal 
plot, a smooth curve was obtained (Figure 20), indicative of positive 
cooperativity (59). A Hill plot (not shown) of the data in Figure 19 
was constructed using KCl concentrations from 25 to 250 mM. A value of 
n equal to 2.6 was found by linear regression for the curve done in the 
absence of sucrose dilaurate. A similar result was found when NaCl was 
substituted for KCl (data not shown). The experiment was done at dif­
ferent pH values and in the presence or absence of 0.01% sucrose dilaur­
ate. In each case, double reciprocal plots yielded curves characteristic 
of positive cooperativity (data not shown). Hill plots of these experi­
ments yielded values of between 2 and 3 (Table 27). Table 28 gives the 
K and V values for several substrates. The purified engvme hvdro-
m max 
lyzed each of these, but it was only highly active with the nucleoside 
triphosphates and pyrophosphates. ATP, CTP, UTP, OTP, PPi, and PPPi 
81 
Table 26. The effects of various salts on the purified K"^-ATPase 
Specific activity 
(pmoles Pi/mg-hr) 
Concentration of cation: 50 mM 100 mM 150 mM 200 mM 
Salt 
KCl 99 486 603 660 
KNO3 135 489 657 690 
KgSO^ 237 438 441 486 
NaCl 48 285 405 617 
LiCl 36 150 333 510 
Li2S04 63 324 324 381 
The assays were run in 0.01% sucrose dilaurate, 100 mM glycine, 
0.3 mM ATP at 38° C. 
Table 27. Coefficients obtained from Hill plots of the purified enzyme 
assayed at different KCl concentrations in the presence of 
MgCl2 
pH [KCl] range Slope Apparent Ka 
5.6 200-1000 mM 3.0 240 mM 
6.7 100-500 mM 2,0 150 mM 
6.7 + det. 100-500 mM 2.1 140 mM 
7.9 50-250 mM 3,0 60 mM 
7.9 + det. 50-250 mM 2.6 60 mM 
9.0 25-150 mM 2.0 42 mM 
Dec. = detergent = 0.01% sucrose dilaurate ; [MgCi2] = [Na2ATPJ = 
0.75 nsM; buffers: 5,6 = MES-Tris (20 mM), 6.7 - Bis-Tris (10 mM), 7.9 = 
glycine-NaOH (188 mM), 9.0 = glyol-glycine-NaOH (100 mM); 38° C 
Figure 19. The effect of MgCl^ on the purified enzyme at different KCl concentrations 
Assay conditions: 0 75 mM MgClg, 0.75 mM Na^ATP, pH 7.9, with 0.188 M 
glycine-NaOH buffer 
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Figure 20. A Lineweaver-Burke plot of the data shown in Figure 19 
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Table 28. The and values of various substrates for the purified 
K"'"-ATPase 
Vjnax Correlation 
(pmoles Pi/mg-hr) (#iM) coefficient 
ATP 697 20 0.997 
GTP 435 15 0.974 
UTP 693 25 0.980 
CTP 625 25 0.967 
ADP 678 430 0.970 
PNPP 167 720 0.998 
PPi 195 18 0.994 
P-P-Pi 261.0 28 0.994 
a-gly-p 5.5 520 0.990 
Glu-6-P <2.5 
The specific activities were run in the presence of 250 tnM KCl at 
pH 7.8 in 100 mM glycine. 
all had values between 15 and 25 ;uM, but the values for the other 
substrates were much higher: 430 to 720 ;uM. The values were highest 
for the nucleoside triphosphates (Table 28), and very low for glycerol 
phosphate and glucose-6-phosphate. These experiments showed that the 
enzyme would hydrolyze a variety of phosphate anhydride bonds, but that 
nucleoside triphosphates were the preferred substrates, especially ATP. 
The enzyme lost some specificity during purification because the membrane-
bound enzyme hydrolyzed the nucleoside triphosphates with the order of 
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rates being ATP > GTP > CTP > UTP (Table 14). 
The next series of experiments was performed to determine if the 
K^-ATPase would combine with soy lipid liposomes made by sonication. 
Linear sucrose gradients (6 to 22%) were centrifuged at 135,000 x g for 
12 hours to separate the reconstituted enzyme from monomeric and aggre­
gated enzyme. The enzyme alone gave two broad peaks, but the reconsti­
tuted enzyme gave only one broad peak which was between the monomer peak 
and the aggregated enzyme peak (Figure 21). This experiment showed that 
the freeze-thaw step in the reconstitution facilitates reassociation 
(Figure 21), and that at least 50% of the enzyme reconstituted with the 
liposomes. 
The reconstituted enzyme was then partially characterized. The 
pH optimum was around 7.3, the for KCl was 89 mM, and the was 
40 to 50 /iM (Table 29). These values were intermediate between those 
of the membrane-bound and purified enzyme. Valinomycin had no effect 
on the reconstituted or purified enzyme (Table 30). However, 0.1% 
Zwittergent 3-12 doubled the activity of the purified enzyme and tripled 
the activity of the reconstituted enzymes. There are three possible 
explanations for this result: 1) some of the enzyme is physically 
trapped inside the liposome, 2) there is a random orientation of the 
ATPase active sites across the liposome membranes, or 3) some of the 
enzyme is inactivated while bound to the liposomes and detergent 
relieves this inhibition. 
Experiments with a different buffer, 140 mM sucrose, 0.3 mM Histidine-
Hepes, 30 mM pH 7.2, gave less clear-cut results. The liposome peak 
did not separate as far from the monomer enzyme peak (Figure 22). 
Figure 21. Separation of the liposonie-associated enzyme from monomer and aggregate by linear 
sucrose gradient centrifugation 
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Table 29. A comparison of the properties of the membrane-bound, the 
purified, and the reconstituted K^-ATPase 
optLm for ATP 
Membrane-bound 6.5 9-10 mM 100-200 mM 
Purified 7.8 150-170 mM 15-30 
Reconstituted 7.3 80-100 mM 40-50 |iM 
Table 30. The effects of valinomycin and 0.1% Zwittergent 3-12 on the 
reconstituted enzyme, and the purified enzyme 
Reconstituted enzyme 412 
+ 
2 pM valinomycin 410 
+ 
0.1% Zwittergent 3-12 1230 
Purified enzyme 570 
+ 
2 /iM valinomycin 560 
-r 
0.1% Zwittergent 3-12 1150 
Assay conditions: 250 mM K', 10 mM Hepes buffer, pH 7.5, 0.3 mM 
NagATP, 38° C. 
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Consequently, the material in the liposome peak was passed over a 
Sephadex G-25 Superfine column to remove monomeric enzyme. The liposome-
-I-
associated K -ATPase activity was 35% of the original (Table 31). This 
was a minimal estimate of reconstitution because recovery from the 
column was not quantitative. Sonication of the reconstituted enzyme 
which had been passed over the Sephadex G-25 Superfine column solubilized 
some of the enzyme. After 5 minutes of additional sonication and a 
second pass over the Sephadex G-25 Superfine column, 20% of the enzyme 
activity was still liposome-associated. 
Table 31. Recovery of reconstituted enzyme from a Sephadex G-25 column 
(pmolerPi/hÏ) csnc 
Original activity placed onto the column 
Activity associated with the liposome 
peak from the column 
Material washed off the column with 
l a w  w o p i  
3,500 
1,200 
9 fin 
100 
35 
Tfi 1 
After sonication 
Original activity placed onto the column 
Activity associated with the liposome 
peak from the column 
Material washed off the column with 
1.0 M NaCl 
1,200 
240 
440 
100 
20 
36.7 
Figure 2 2 .  Separation of monomer and aggregate from liposome-associated enzyme by linear 
sucrose gradient centrifugation 
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DISCUSSION 
This work describes the purification, partial characterization, 
and reconstitution of a k"*"-ATPase extracted from microsomes of three 
and one-half day old Zea mays shoots. These experiments were undertaken 
to permit a critical examination of the enzyme's possible involvement 
in ion transport within corn. Although this thesis does not provide 
direct evidence either proving or disproving the involvement of this 
enzyme in ion transport, it does provide procedures for its purifica­
tion and reconstitution. This should make it possible to determine if 
+ the K -ATPase is involved in ion translocation. The characteristics 
of the corn shoot enzyme are also compared with the characteristics 
of other plant ATPases and the properties of ion transport within plants. 
Characteristics of the Membrane-bound Enzyme 
It is usually assumed that membrane-bound ATPases require Mg'ATP 
as substrate (10). The K^ATPase from maize shoots, however, is either 
stimulated or inhibited by Mg , depending upon the ATP concentration 
and the pH. With free ATP as a substrate, the membrane-bound enzyme 
exhibits normal Michaelis-Menten kinetics at substrate levels of 1 mM 
or lower (Figures 2 and 3). At higher ATP levels, the enzyme is sub­
strate-inhibited. Addition of Mg^ may lower the substrate concentra­
tion to a level that is not inhibitory, resulting in a stimulation of 
enzyme activity. Hendriks (19, 20), for example, using membrane prepar­
ations from maize coleoptiles. and assaying with 2 mM ATP. found that 
2 mM MgClg was stimulatory. The apparent discrepancy between this result 
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and the observation that the enzyme is active on free ATP disappears 
when one takes into account the substrate inhibition by ATP. In con­
trast, Hodges (10) has shown clearly that the K^-ATPase from oat roots 
does require Mg . The significance of this difference is not obvious. 
The apparent pH optimum of the enzyme is also affected by the 
++ -H-
addition of Mg . The pH optimum was 6.5 in the absence of Mg , while 
Hendriks (19) reported a pH optimum of 6.0. Because the formation of 
Mg"ATP is pH-dependent, lowering the pH in the presence of Mg increases 
the free ATP concentration (52), which would probably account for the 
reported increase in activity. 
I I 
Previous reports of plant ATPases which do not require Mg include 
those of Ezeala et al. (28, 29) who investigated ATPases in Heracleum 
mantegazzianum and Helianthus annuus. These activities are similar in 
several respects to that reported here but differ in having much lower 
pH optima for K -stimulation. It is difficult to compare the effect 
++ 
of Mg in their reports with the effects observed here, because they 
h&ve not reported activities In th® pres6nç6 of both Mg'' «nd 
Maslowski and Komosynski (32) have also solubilized a membrane-bound 
adenosine triphosphatase from maize seedling microsomes. This prepara­
tion was stimulated by monovalent cations in the absence of divalent 
cations and was also inhibited by 10 mM Mg and Ca . This solubilized 
ATPase also had two pH optima, 6.0 and 7.5 (32). This activity is thus 
very similar to that reported here. 
Our results (Figure 6, Table 8) show clearly that the enzyme sedi­
ments in a sucrose density gradient, as expected of a membrane-bound 
enzyme. The sedimentation hebavior is essentially the same as that 
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reported by Hendriks (19, 20), who concluded that it was not possible 
by centrifugation and the assay of marker enzymes to determine the sub­
cellular origin of the membrane(s) with which the activity is associated. 
All one can say is that maize shoot K^-ATPase probably does not originate 
from the cell walls, the nuclei, or the mitochondria. 
The lack of a Mg^ requirement for ATP hydrolysis may suggest that 
the enzyme is simply a phosphatase. The pH optimum argues against this 
possibility. Furthermore, we show a partial separation of K -ATPase 
and acid phosphatase (hydrolysis of £-nitrophenylphosphate at pH 5.0) 
on a linear sucrose gradient (Figure 6). The purified enzyme has much 
lower and higher values for ATP than for £-nltrophenylphosphate. 
•f 
Finally, the hydrolysis of ATP which Is not dependent upon added K can 
be accounted for by the acid phosphatase that is separated from the 
ATPase during purification of the latter enzyme. This acid phosphatase 
has an apparent molecular weight of 70,000 + 7,000 and has more activity 
at pH 5.0 than at 6.5. 
Purification 
•J" 
The purification scheme for the corn shoot K -ATPase is basically 
the same one devised for the corn root -ATPase (42). The major dif­
ference reflects the firmness with which they are attached to the micro­
somal membranes. The root enzyme can be solublllzed by a NaClO^ solu­
tion (42)5 while the shoot enzyme requires detergent for solubilization. 
Hodges (10) has suggested that root homogenates have several 
ATPases and that more than one of these is K^-stimulated, initially 
we were able to extract only 35 to 45% of the microsomal K -ATPase 
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activity and this suggested the possibility of two enzymes: an easily 
solubilized enzyme and a tightly membrane-bound enzyme. We were even­
tually able to solubilize 75 to 85% of the microsomal K^-ATPase activity 
and found evidence only for the enzyme with an apparent molecular weight 
of 31,000 + 3,000 that had already been purified and characterized. It 
is possible that the lost K^-ATPase activity represents another enzyme. 
If that is the case, then it is a relatively minor component of the 
corn shoot microsomal K -stimulated ATPase activity. 
The corn shoot K^-ATPase undergoes several significant changes 
upon solubilization and purification. The pH optimum is altered from 
6.5 for microsomes to 7.8 for purified enzyme. The for ATP drops 
significantly, from 100 to 200 /iM for the microsomal enzyme to 15 to 
30 ;uM for the purified enzyme. In addition, the for KCl Increases 
from 9 to 10 mM on the microsomes to 150 to 170 mM for the purified 
enzyme. The membrane-bound enzyme is not stimulated by detergent in 
contrast to the purified enzyme. Zwittergent 3-12 doubles but 
has little effect on K^, while sucrose dilaurate lowers to 110 to 
130 mM and increases Vmax by approximately 50%. Why two different 
detergents should have different effects is not known. 
The change in properties of the enzyme upon solubilization makes 
it somewhat difficult to estimate the fraction of enzyme that has been 
solubilized and purified. Our estimates are based upon specific 
activities measured under the optimal conditions of pH, KCl, and ATP 
concentrations for each stage of purification. The membrane-bound 
enzyme has more substrate specificity than the purified enzyme. The 
membrane-bound enzyme hydrolyzes nucleoside triphosphates with the 
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order of rates being ATP > GTP > CTP > UTP, while for the purified 
enzyme all of the nucleoside triphosphates were hydrolyzed at similar 
rates and had similar K values. It is also evident that the purified 
m 
enzyme is not a nonsubstrate-specific phosphatase, as it has lower 
and higher values for substrates such as ADP, PNPP, PPi, PPPi, 
ot,3-glycerol phosphate, and glucose-6-phosphate. Apparently the 
K^-ATPase can cleave pyrophosphate linkages readily, but most readily 
when they are attached to a nucleoside. 
The K -ATPase is a glycoprotein containing approximately 35% carbo­
hydrate. This estimate is very rough, because in the absence of data 
on the amino acid composition and the structure of the carbohydrate 
portion, we cannot be sure of the suitability of the standards chosen 
for the protein and carbohydrate estimates. The presence of carbohydrate 
also introduces additional uncertainty into the molecular weight esti­
mates. Although the estimates by two methods agree quite well, 3.1 x 
4 4 10 and 3.15 X 10 , it is probably safe to conclude only that the enzyme 
4 is a glycoprotein with a molecular weight in the range 2.5-3.5 x 10 . 
Using the SDS gel as a criterion for purity, one could estimate 
that the protein is at least 90% pure assuming the Coomasie Blue stain 
can detect 1 )ig of protein as suggested by Weber and Osborn (51). The 
removal of the AMPase and the acid phosphatase activities was more 
important than the purity of the enzyme as these two activities were 
not k"*"-stimulated and represented different enzymes. 
"I* 
At low ionic strengths, the K -ATPase forms large, heterogeneous 
aggregates which are eliminated by increasing the ionic strength of the 
solvent. Aggregation is indicative and typical of purified, membrane-
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bound enzymes. 
The mechanism of divalent cation inhibition is not completely clear. 
Ca"*"^ and probably act by forming AT? complexes which are not 
substrates, Evidence that this is the case is that the extent of inhi­
bition is related to the M :ATP ratio rather than the absolute concen-
+2 
trations of M (Figure 16). In addition, the inhibition was less at 
pH 6.5 than 7.8 (Figure 16 and Table 23), as would be expected because 
+2 
the formation of M 'ATP is pH dependent and decreases as the pH is 
+2 
lowered (52). If Ca was sequestered by the microsomal membrane lipids, 
+2 
this would explain why Ca is a good inhibitor of the purified enzyme 
+2 (Figure 16) but not the membrane-bound enzyme (Table 5). Ca is also 
+2 less inhibitory than Mg because of the lower formation constant for 
+2 
Ca'ATP (52). Cd appears to inhibit by a different mechanism. At 
pH 6.5, where and Ca^^ inhibition was slight (Table 23), Cd^^ was 
an excellent inhibitor. This could be important because Keck (60) has 
+2 + +2 
reported that Cd inhibits potassium uptake and the (K ,Mg )-ATPase 
of barley roots, in parallel. However, Cd^^ is an excellent sulfhydryl 
reagent (61), and since other sulfhydryl reagents, PCMB and iodoaceta-
mide, inhibit the enzyme, it appears that all three inhibitors are 
reacting with an essential cysteine. SADH, a growth inhibitor, inhibited 
the purified but not the membrane-bound enzyme. The same results were 
obtained with DES, a reported inhibitor of ion absorption in oat roots 
(54). Because neither DES nor SADH affects the membrane-bound enzyme, 
their inhibition of the purified enzyme probably has no physiological 
significance in this system. DCCD, an inhibitor of the corn root 
K -ATPase (42, 62), inhibits both the membrane-bound (Table 9) and the 
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purified corn shoot enzyme (Table 24). The exact significance of DCCD 
inhibition is unclear, although it does inhibit several ion-stimulated 
ATPases (63). Finally, neither oligomycin nor ouabain, known inhibitors 
of various transport ATPases (1, 55), had any substantial effect on 
the corn shoot -ATPase. 
+ 
The K -ATPase from corn shoots is similar to that from corn roots, 
which was previously purified and characterized in this laboratory. 
+2 +2 
Both enzymes use free ATP, rather than Mg or Ca complexes, as sub­
strate (data for the root enzyme is unpublished). Both enzymes cleave 
a number of high energy phosphate anhydride compounds, with ATP being 
the best substrate, and both enzymes require monovalent cations for 
activity. Both enzymes undergo changes in pH optimum upon solubiliza­
tion and both enzymes are purified by the same sequence of chromatog­
raphy on hexyl-Sepharose and Sephadex G-lOO Superfine or Sephacryl S-200 
Superfine. The only major difference between the two enzymes is the 
firmness with which they are bound to the microsomal membranes. The 
shoot enzyme is also apparently slightly larger (31,000 + 3,000) than 
the root enzyme (27,500 + 3,000), but since the shoot enzyme is a glyco­
protein, the molecular weights are not known accurately enough to be 
sure there is a significant difference. It has not yet been determined 
whether the root enzyme is a glycoprotein. 
The effect of MgCl^ on the activation of the enzyme by KCl and 
other salts was very interesting and was also observed with the corn 
+ 
root K -ATPase (Benson and Tipton, 42). Those experiments were done 
with equal concentrations of MgClg and ATP, The observed activation 
curve could result from Mg complexing with ATP to form Mg'ATP, or 
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+2 it could arise from an interaction of Mg directly with the enzyme. 
To distinguish between these two possibilities, one would have to 
measure K^-ATPase activity as a function of ATP, MgCl^, and KCl concen-
+2 
trations. If Mg acts only by forming an inactive Mg'ATP complex and 
reducing free ATP concentration, then MgClg should act as a competitive 
inhibitor. Lineweaver-Burke plots of 1/V vs. 1/[ATP] at different 
MgClg concentrations should result in increase in the apparent with 
increasing MgCl^ concentration, but there would be no effect on 
+2 (59). But if Mg interacts with the enzyme, then one might see an 
effect on both K and V . These experiments should be done at several 
m max 
KCl concentrations because ionic strength may also be involved in the 
effect of MgClg on the activation of the enzyme by KCl. Such experiments 
should be done to further characterize the enzyme, but to do those 
32 
experiments properly one would have to use P -labelled ATP and make 
very precise measurements of K and V . Whether this apparent 
m max 
allosterism is physiologically significant, however, does not depend 
on whether the Mg interacts with ATP or the enzyme. It only depends 
on whether the cooperative change occurs under conditions found in the 
cell. Consequently, it is possible the Mg"^ could function as an in 
vivo regulator of the K^-ATPase, although the purpose and mechanics of 
such regulation is not clear. 
Reassociation of the Enzyme with Microsomes and Liposomes 
The reassociation of solubilized K^^ATPase with detergent-extracted 
microsomal membranes occurred only when the detergent used for extraction 
was octyl gluoside. Using AMPase activity and protein content as 
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criteria, reassociation could be demonstrated not only after octyl 
glucoside extraction, but also after sucrose dilaurate treatment, which 
does not allow the K -ÂTPase to reassociate. Thus, not all of the 
extracted proteins reassociate equally readily. Possibly, it is more 
difficult to remove detergent from the K^-ATPase than from AMPase, to 
expose the hydrophobic sites required for binding to the membrane. An 
alternative explanation is that the K^-ATPase, following detergent 
removal, may have less tendency to recombine with the membranes. The 
fact that the K^-ATPase does recombine with the membranes after removal 
of octyl glucoside strongly suggests that it was originally bound to 
the membranes by hydrophobic interactions. This experiment also sug­
gested that it would be possible to incorporate the enzyme into arti­
ficial membranes. 
To date, it has only been possible to reconstitute the enzyme with 
soybean lipid vesicles. The enzyme does apparently bind to phosphatidyl­
choline (Daniel Karl, unpublished results, 1978), and a small amount 
did reconstitute with phosphatidylcholine vesicles. Reconstitution of 
the enzyme with soy lipid vesicles changes its properties to a state 
Intermediate between those of the purified and membrane-bound enzyme 
(Table 29). While these properties are different from those of the 
membrane-bound enzyme, the reconstituted enzyme has characteristics 
much closer to those of the microsomal enzyme than are the character­
istics of the purified enzyme (Table 29). 
Why have the properties of the K^-ATPase changed so drastically 
upon solubilization? The experiments with purified enzjmie in the pres­
ence of detergents and with the reconstituted enzyme suggest that a 
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hydrophobic environment is partially responsible for the properties of 
the membrane-bound enzyme. The soy lipid vesicles provided the closest 
approximation to the original microsomal membranes, yet the reconsti­
tuted enzyme's properties were still quite different from those of the 
membrane-bound enzyme. There are several possibilities for the differ­
ences: 1) on the original membrane, the K^-ATPase had another component, 
perhaps a protein, which greatly affected the conformational state of the 
enzyme, 2) upon solubilization, the enzyme undergoes an irreversible 
conformational change, and 3) there is detergent tightly bound to the 
enzyme which prevents the enzyme from reassociating with the lipid 
bilayer in the proper manner. Although the relatively small size of 
the K^-ATPase, in comparison with other ATPases (1), suggests that 
the enzyme might be part of a larger, multisubunit system involved in 
ion transport, it is difficult to know which of the possible explanations 
is responsible for the altered characteristics of the purified enzyme. 
4-
Physiological Role of the K -ATPase 
A variety of models have been proposed for plant K^-ATPases and 
other ATPases believed to function in ion transport (10, 37, 64). What 
the K -ATPase actually does may be discovered later, while what it may 
be doing will be discussed now. 
The corn shoot K^-ATPase is much smaller (31,000 daltons) than 
the animal (Na ,K )-ATPase and Ca"^*"-ATPase, both of which have molecular 
weights around 100,000. These energy transducing, ion transporting 
ATPases contain subunits around 30,000 molecular weight (65), but the 
active enzymes contain several subunits. Also, these enzymes use ATP 
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complexed with a divalent cation (65), as do the energy transducing 
ATPases from mitochondria, chloroplasts, and bacterial membranes (5-8). 
The maize shoot K -ATPase appears to be quite different from any of 
the ATPases shown to be involved ion transport, except that it is a 
glycoprotein like the proton transporting ATPases of chloroplasts and 
mitochondria (66). 
If the K^-ATPase is actually involved in potassium transport, how 
is it involved? It now appears unlikely that the enzyme is a direct 
transport ATPase (i.e., using the energy from ATP hydrolysis to directly 
transport a metal ion across the membrane) as do the (Na^,K^)-ATPase 
+2 (1) and the Ca -ATPase (1). Instead, there is some evidence that corn 
cell plasmalemmas carry out a counter-transport of potassium and protons. 
Studies suggesting this model have been reported by E. Marrè (36, 67) 
and by A. Nelles (37. 68). In the models proposed by E. Marrè and A. 
"i" "f" 
A. Nelles, the K -ATPase is activated by K to hydrolyze ATP; the energy 
from ATP hydrolysis is then used to pump protons from the cytoplasm and 
=5= 
K ions into the cytoplasm. A slightly different hypothesis is that the 
K^-ATPase pumps protons to generate a membrane potential with the inside 
of the cell negative. The K would then be concentrated in the cell 
solely on the basis of the membrane potential. This hypothesis is sup-
ported by the observation that fusicoccin, which increases both K uptake 
and K -ATPase activity, also increases the membrane potential. To date, 
it is not possible to determine if either of these proposed mechanisms 
is correct. 
If the K -ATPase is involved in potassium/proton counter transport, 
how could the properties of the enzyme fit into such a model? Plant 
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cells actively transport protons from the cytoplasm and normally this 
proton extrusion is regulated (69). The com shoot K -ATPase has char­
acteristics which suggest that it could be involved both in active 
proton extrusion and its regulation. As protons are actively extruded, 
the cytoplasmic pH would increase, and K*^-ATPase activity and presumably 
proton 'pumping' would decrease for two reasons: 1) the cytoplasmic 
pH would be shifted further from the enzyme's pH optimum, and 2) the 
concentration of free ATP would diminish as more ATP would be complexed 
with divalent cations. The for KCl of this enzyme is such that it 
could be responsive to either internal or external k"*" concentrations. 
If it were responsive to internal K^, then as protons were pumped, the 
internal concentration would increase to above 50 mM and this too 
would inhibit the enzyme. This would also be in keeping with the 
observations of Glass (70-73) that increasing internal K concentration 
decreases the uptake of K by several plants. The K -ATPase is, there­
fore, a good candidate for the job of cytoplasmic pH regulator. It 
should be pointed out, however, the corn shoot K^-ATPase does not have 
"f" "i" 
to be as sensitive to low K concentrations as the com root K -ATPase. 
The k"*" concentration of corn coleoptile xylem exudate varies from 13 
"f" 
to 22 mM, depending on the K concentration of the solution bathing the 
roots (74). The measured is, thus, low enough to be responsive to 
"4" 
the K concentration surrounding the cells in the stem and leaf. 
Finally, it is possible that the corn shoot K'^-ATPase is not 
•J-
involved in K transport, but instead is an enzyme that is activated by 
K' and has some other, as yet unknown, function. Until testing for 
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transport capacity of the enzyme in reconstituted membranes is completed, 
the proposed role of this enzyme in transport remains unproven. 
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SUMMARY 
A K^-ATPase from Zea mays shoot microsomes has been purified, 
characterized, and incorporated into soy lipid vesicles. The micro-
"f" "I" 
somal K -ATPase represents at least 70% of the K -ATPase activity of 
whole cell homogenates and is clearly membrane-bound. The membrane-
+2 bound enzyme has a pH optimum of 6.5, is inhibited by Mg , and is 
activated by monovalent cations with the order of effectiveness being 
+ + + 
K > Na > Li . The for KCl is 9-10 mM. The microsomal enzyme 
hydrolyzes nucleoside triphosphates with the order of rates being: 
ATP > GTP > CTP > UTP, and has a K for ATP of 0.10-0.20 mM. 
m 
The K^-ATPase was solubilized by a variety of detergents and 
conditions were determined under which the solubilized enzyme would 
reassociate with detergent-extracted microsomes. The solubilized 
enzyme was purified on columns of hexyl-Sepharose and Sephacryl S-200 
Superfine. SDS gels after the Sephacryl S-200 column showed one band, 
and the estimated molecular weight was 31,000, a crude estimate because 
the enzyme was determined to be a glycoprotein. The properties of the 
purified enzyme are different from those of the membrane-bound enzyme. 
The pH optimum is 7.8, the for KCl is 150-170 mM, and the for ATP 
is 15-30 juM. The purified enzyme hydrolyzes a number of phosphate 
anhydride compounds such as ADP, PPi, and £-nitrophenylphosphate, but 
it has greatest activity with nucleoside triphosphates. The purified 
enzyme is inhibited by divalent cations, DCCD, PCMB, iodoacetamide, DES, 
and SADH, but not by ouabain or oligomycin. When incorporated into soy 
lipid vesicles, the properties of the purified enzyme are changed to an 
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intermediate state. It has a pH optimum of 7.3, a for KCl of 70-90 
mM, and a for ATP of 40-50 juM. Finally, the possible role of the 
K^-ATPase in potassium transport is discussed. 
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